in the design of antiviral agents. This focus has resulted in a wealth of new information on the structure and function of these enzymes.
). The preferred cleavage site on natural substrates is shown with arrows representing the scissile bond. The amino acid number for each catalytic residue is shown above the depicted side chain.
opting instead for slower turnover and emphasizing af- (Ding et al., 1996) . The active site of AVP contains a Glu/His/Cys catalytic triad in a similar arrangement to finity for the proper substrate sequence. The enzymatically active CMV PR appears to be a dimer, as shown cysteine proteases like papain (Asn/His/Cys). The architecture of seven ␣ helices and a single five-stranded ␤ by preliminary biochemical and structural ( Figure 1A ) analyses, suggesting yet another use of a structural mosheet in the central core forming a "␤-sheet sandwich" is unique ( Figure 1B ). Only the central core resembles tif to regulate the timing of proteolysis. AVP: A Cysteine Protease Active Site some of the motifs seen in the active sites of serine or cysteine proteases, and these similarities suggest a in a Novel Protein Fold In the case of the adenovirus protease (AVP), a cysteine notable convergence in favor of enzyme function. The major role of AVP is to process the core proteins protease catalytic triad is found in a completely novel protein fold, which also incorporates a peptide cofactor within an assembled virion in the nucleus of an infected cell. The apoenzyme is relatively inactive, unlikely to proteolytic activity, while 3D must be fully processed before it is active. The proteolytic release of an active prematurely cleave virion precursors in the cytoplasm. An eleven amino acid peptide, identified biochemically polymerase may thereby influence virus replication. This multifunctional activity within a single protein structure and structurally as a cofactor, is a product of the protease activity and can raise k cat by at least 300-fold. In the is not observed in eukaryotic proteases and exemplifies the efficient use of a small viral genome. structure, this pVIc peptide appears as a sixth ␤ strand adjacent to the core ␤ sheet, participating in one disulSindbis Core Protein: Both a Protease and a Structural Protein fide and numerous hydrogen bonds. It does not directly contact any catalytic residues, but it could alter the Sindbis virus genomic RNA codes for two polyproteins that must be posttranslationally cleaved by viral or host active site conformation based on its positioning. Incubation of the enzyme-cofactor complex with viral DNA proteases. The p130 polyprotein consists of the Sindbis core protein (SCP) at the N terminus, followed by three boosts enzyme activity by at least another 20-fold, supporting the idea that internal virion environment serves glycoproteins. As the first step in maturation, SCP performs a single autocatalytic cis cleavage to release itself to optimize proteolytic activity. The use of a peptide cofactor and DNA to enhance activity can be viewed from this polyprotein, and then has no further catalytic activity, leaving subsequent steps to other proteases. as regulatory steps, such that protease activity is not augmented until required inside the virion.
SCP self-inactivates by playing a structural trick: inserting its C-terminal tryptophan into the P1 substrate HRV 3C: A Serine Protease Fold with a Cys Nucleophile binding site, thus rendering itself inactive. The inactive structure then assembles into the icosahedrally symThe replication of picornaviruses requires processing of a single polyprotein encoded by the RNA genome. The metric core that surrounds the genomic RNA. Sequence scanning of SCP identified the highly conproteolytic steps fall into three categories: cotranslational processing of capsid precursor by the 2A PR, served sequence surrounding the active site Ser in the chymotrypsin family. Studies with temperature-sensiprotease-independent cleavage during final core maturation, and liberation of nonstructural proteins by 3C PR tive mutants suggested a catalytic triad of Asp/His/Ser for SCP that was later confirmed by crystallographic activity. Mutagenesis and biochemical analyses indicate that both the 2A and the 3C proteases have essential studies (Tong et al., 1993) . The structure revealed a fold very similar to chymotrypsin consisting of two ␤-barrel cysteine residues. Based on sequence alignments and secondary structure predictions, it was proposed that domains flanking the substrate binding site. The compact structure with short turns between the ␤ strands 3C PR folds similarly to the chymotrypsin family serine proteases, even though it shares less than 10% secould facilitate assembly of the core. Another unique feature of the structure is a very basic N-terminal segquence identity with members of that clan (Bazá n and Fletterick, 1988) . The human rhinovirus (HRV) 3C strucment responsible for association with the viral RNA and essential for encapsidation. SCP exemplifies a protein ture (Matthews et al., 1994) confirms that prediction and shows that a catalytic triad of Glu/His/Cys is positioned with multiple functions that must be incorporated into a single structure, again showing how small viruses similarly to the Asp/His/Ser of serine proteases. This is a Cys-active-site protease that folds into two equivalent maximize their coding capacity. HCV NS3: A Tethered Enzyme ␤ barrels, much like chymotrypsin, but with differences in some connecting loops, in the precise orientation of with a Peptide Cofactor The emergence of hepatitis C virus (HCV) as a major catalytic residues, and in regions required for transition state stabilization. The enzyme did not evolve from a human pathogen has propelled the virally encoded NS3 PR into the limelight as a potential antiviral target. HCV simple replacement of a Ser by a Cys nucleophile, but as a concerted structure that supports the coordination translates its RNA genome into a single polyprotein precursor. The structural proteins at the N terminus are of a novel catalytic mechanism (mutagenesis of the active site Cys for a Ser yields an enzyme with a severely processed by host proteases, while nonstructural proteins at the C terminus are processed by the two virally reduced activity). The 3C proteases are not highly active enzymes and they may utilize a weaker Cys/His catalytic encoded proteases. NS2-3 performs a single cis cleavage, while NS3 cleaves at four sites to release the nondyad, although caspases are efficient catalysts that use a Cys/His dyad. The third member of the triad (Glu or structural viral proteins. Although it has no sequence homology to any known protease, the NS3 protein was Asp) is not strictly conserved among all 3C proteases, and it is pointing away from the active site His, and thus predicted to be a serine protease based on active-site labeling and mutagenesis studies. The predicted NS3 is unlikely to assist in catalysis. However, sequestration of picornavirus replication and assembly to smooth PR domain is physically linked at its C terminus to the viral RNA helicase activity. membranes may compensate for reduced 3C activity by increasing the enzyme:substrate ratio.
The recently elucidated crystal structures of NS3 PR confirm the catalytic triad residues Asp/His/Ser and, like The 3C PR has been shown to directly bind viral RNA and to be important for the initiation of RNA replication.
HRV 3C and SCP, it also adopts the somewhat "universal fold" of a chymotrypsin, dual ␤ barrel ( Figure 1C ). One RNA binding occurs at a region distal from the active site, and generation of this binding domain imposes structure also confirms the presence of a peptide cofactor that intercalates within the enzyme core completing structural restrictions on this enzyme not found in other proteases. Interestingly, 3C is found fused to the 3D a ␤ barrel and stabilizing the N-terminal ␣-helix (Kim et al., 1996) . This 54 amino acid cofactor is the product of RNA polymerase for a large portion of the viral life cycle. Both the autoprocessed 3C and the fused 3CD have the only cis cleavage performed by NS3. Although quite distant from the catalytic triad, NS4A may enhance activoccurs on a scale much accelerated when compared to eukaryotes, especially RNA viruses that lack proofreadity by optimizing and rigidifying the extended substrate binding site. The complex can aid viral assembly by ing mechanisms and can thus introduce many mutations. Selection for tolerable mutations is built-in since substantially increasing catalytic efficiency when processing of the remaining nonstructural proteins is reonly viable viruses survive, expediting the search for structures that achieve the two major constraints placed quired. Another role for the NS4A cofactor is the delivery of NS3 PR to cellular membranes. Membrane localizaon enzymes: preservation of catalytic competence and structural stability. tion is a requirement for HCV capsid assembly and maturation; thus, coordination of full protease activation and Viral proteases are optimized to regulate and coordinate viral replication and assembly. Unlike digestive enmembrane localization may be a regulatory step for the virus. In vitro studies mixing NS3 and NS4A suggest zymes, they are highly selective catalysts performing limited proteolysis. The evolved protease sequence may that complex formation is not absolutely required for protease activity, giving the membrane targeting role not be the most catalytically robust enzyme, but one capable of performing proteolysis as well as other roles of NS4A added importance in vivo. The physical link between two unrelated enzymes as exemplified by the in viral replication. The ability of a viral protease to associate with the viral genome, become a core protein, or NS3 protease-helicase has no precedent in the realm of nonviral proteases. The peptide cofactor may serve accommodate a cofactor may result in structural compromises leading to less efficient enzymes. But colocalito deliver these two enzymes to their requisite cellular location. Again we see the requirements for viral replicazation of enzyme and substrate within a virion may serve to compensate for reduced activity and may also impede tion dictating new structural motifs in viral enzymes. HIV PR: Regulation of Protease Activity random hydrolysis of host proteins. Perhaps these unique folds and structural complexities (Figure 1 ) may lead to by Dimerization Retroviruses such as the human immunodeficiency virus novel antiviral designs that extend beyond active sitedirected, small molecules, selectively inhibiting these (HIV) encode a single protease. The HIV PR is responsible for the cleavage of gag and gag-pol polyproteins to enzymes while not affecting host functions (Babé et al., 1995) . The uniqueness of viral proteases could become yield all capsid proteins and viral enzymes. Alignment of the viral protease region with known sequences lead the ultimate "Achilles' heel" of the virus, as seen recently with effective HIV PR antiviral therapies. to the unorthodox suggestion that it could fold as a single domain of an aspartic protease such as pepsin Selected Reading (Pearl and Taylor, 1987) . Thus, the virus generates an active aspartic protease only when two identical 99 Babé , L.M., Rosé , J., and Craik, C.S. (1995) . Proc. Natl. Acad. Sci. amino acid domains join to create a homodimer (Figure USA 92, 10069-10073. 1D). Determination of the HIV PR structure confirmed Bazá n, J.F., and Fletterick, R.J. (1988) . Proc. Natl. Acad. Sci. USA these predictions (Wlodawer et al., 1989) . It has been 85, 7872-7876. suggested that retroviral proteases preceded the singleDing, J., McGrath, W.J., Sweet, R.M., and Mangel, W.F. (1996) . chain, nonviral aspartic proteases and that dimerization EMBO J. 15, 1778 EMBO J. 15, -1783 arose as a strategy to maximize the coding capacity. Kim, J.L., Morgenstern, K.A., Lin, C., Fox, T., Dwyer, M.D., Landro, Another explanation is that dimerization serves a regula-J.A., Chambers, S.P., Markland, W., Lepre, C.A., O'Malley, E.T., et al. (1996) . Cell 87, [343] [344] [345] [346] [347] [348] [349] [350] [351] [352] [353] [354] [355] tory role. Expression of a single-chain, tethered HIV PR dimer results in premature cytoplasmic maturation of Krä usslich, H.-G., and Wimmer, E. (1998 discovered (Figure 1 ). These structures encompass the fundamental aspects of a protease: a substrate binding cleft, a reaction center, and a mechanism for transition state stabilization to permit catalysis (Perona and Craik, 1995) . The many variations on the protein folds and catalytic residues displayed by these enzymes (Table  1) are not surprising when their origins are examined. Assuming that evolution will explore the limits of the allowed protein structures that are compatible with retention or acquisition of function, then viruses are particularly capable of achieving this task. Their replication
